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Peculiar Velocities as Cosmological Probes

We can constrain cosmological parameters
with peculiar velocities via:-

» Bulk flow statistics
» Pairwise velocities

» Velocity-density reconstructions

® POTENT
e VELMOD/ITF
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Distance Indicators and Datasets

Tully-Fisher

Mark 111, SF1, SCI, SCII, Shellflow Individual distance

errors of 20 — 30%:;

Fundamental Plane 0(10%) galaxies
Mark 111, SMAC, ENEAR, EFAR

SBF

Tonry et al.

Type la SNe

Riess et al.

Individual distance
errors of 5—10%:;

O(102) galaxies
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Velocity — Density Reconstructions

We can compare observed peculiar velocities with the
reconstructed density and velocity field from all-sky
redshift surveys, via linear theory relations:-

% [ g SN -1

VpeC (r) = 472_ rr _ r‘3

Vv, . =-Q°§

p

» density-density comparisons
» velocity-velocity comparisons

UNIVERSITY
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Velocity — density reconstructions

Methods can be vulnerable to a number of statistical biases:-

» Calibration bias

» Malmaquist bias

» Tensor window bias
» Sampling gradient bias

See e.g. Strauss & Willick (1995), Hendry & Simmons (1995), Hendry (2001)
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) o Selection effects
Trie distance distribution True distance modulus

\\ ./ /
2
Plr.mn)ecrn(r)S(m,n) / True line width relation

. 1 -+ u))l
D Tame o 20" M(7)=an+b
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distribution
14
Calibrate in a cluster — assume all I
galaxies at the same distance:- e
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) o Selection effects
Trie distance distribution True distance modulus

\\ ./ /
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True line width relation

M(n)=an+b

° Magnitude Limit

Line width
distribution
14
Calibrate in a cluster — assume all I
galaxies at the same distance:- e
P(r,m, g
P |,1) = L)
[P(r.m,n)dm g
- 215.5_—
) ]
S(m,n)exp[_ [m - (M (277)2+ﬂ(r))] j SRR SOV
o3 18 R AU e I
= — g : /
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) o Selection effects
Trie distance distribution True distance modulus

\\ ./ /
P(r,m,??)ocrzn(r)S(m,?y) /
y 1 m-Gra+ p)f
ﬁ‘(;‘?) m@_ exp{ 7o J

True line width relation

M(n)=an+b

L Magnitude Limit

Line width
distribution
14
Calibrate in a cluster — assume all [
galaxies at the same distance:- e
P(r,m,n) 3
P(m|771r): - 2 15|
[P(r.m,n)dm g
. i 155
) <<
S (m n)exp(— [m_(M (77)+,u(l‘))] j KR, 5
1 252 el o / L
o 2 I / /
IS(m 1) exp _[m_(M (U)"‘ﬂ(r))] dm I /
J ! 20 2 | | | P | |
k\ 16.5_0_2 o
Biases fitted parameters, but
i i can be corrected iteratively
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) o Selection effects
Trie distance distribution True distance modulus

\\ ./ /
2
Plr.mn)ecrn(r)S(m,n) / True line width relation

. 1 = @r o+ )
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- - ;% 768
Calibrate in a cluster —assume all - %% Ao
galaxies at the same distance:- ds o
1 | Ll | L1l | L1l | Ll | L 17
P(r,m, [ i
P(m|77,r): - ( 77) .a:() ]
_[P(r,m,n)dm L .35:°u#“ ]
== ] SOma B
Q0 F\WW rHJﬂ
£ ﬁéf” : E
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Could also use inverse relation 770 (M)=a'M +Db’

True distance distribution Selection effects |
\ / True distance modulus

X 7 :
P(r,m,n) e« r°n(r)S(m,n) /

< @ (m — [ =n°(m - p(r)f

1
/ﬂ(r))ﬂgn EXP| — 20772
/

Luminosity function
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Could also use inverse relation 770 (M)=a'M +Db’

True distance distribution Selection effects

\ / True distance Imn:u dulus
" ¥
P(r.m,n)ec rin(r)S(m,n) ‘/
Dl ()] p=n*n— )}
O /#( ))m% eXP{ o }

Lurminozity function

P(r,m,n)

P |m,r)=—
_[P(r,m,ry)dn

202

S(m,n)exp (_ [77_770(m _,u(r))]zl

Ts(m,ﬂ)eXp{— [ =n"(m Zﬂ(r))]szﬂ
o 20
A

\

No calibration bias provided
: selection effects only on
apparent magnitude
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Could also use inverse relation

True distance distribution

\ /

n’(M)=a'M +b’

Helection effects

True distance modulis
/

P{r.m,n)« I‘E;(?‘)S(mii‘?)

1
i CD(’”}#(?‘))m CXp

/

rntm— )]

' C.e Magnitude Limit

2
i 20_?
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Velocity — density reconstructions

Methods can be vulnerable to a number of statistical biases:-

» Calibration bias

» Malmquist bias

» Tensor window bias
» Sampling gradient bias

See e.g. Strauss & Willick (1995), Hendry & Simmons (1995), Hendry (2001)
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Malmquist bias

Given a properly calibrated distance indicator relation, we construct a
distance estimator for more remote galaxies in the obvious way:-

Direct relation:- —

Vo

M=an, +b
d =10%2(Mes—M)

Inverse relation:-

N\

M satisfying Nops = a’l\7| +b’

How does O compare with I ?
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Malmquist bias

Since d =d(m,7) we can compute p(r,d) from p(r,m,»)

Direct relation:-

2
P(r.d r’n(r)ex (—M)
P(r | d) — ( ) — ( ) p 2N
[Payar [rnespl- oz o
True distance distlibutinn election effects True distanl:EIdeUIUS
where . Plrmn) o rn (S o) /
A= ()5 = 0.460 PPN BN O R YO o)
/ \/ﬂa 20
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Litie width
distribution
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Malmquist bias

Since d =d(m,7) we can compute p(r,d) from p(r,m,»)

Direct relation:-

Hence

[Inr/dJ

P(r,d) rzn(r)exp(—T

)

P(r|d)=- -
_[P(r d)dr J'r n(r)exp( '”zrif']z

b

E(r|d)=d

Independent of selection effects, but dependent on
true distance distribution

SF04 Cosmology workshop: July 2004




Malmquist bias

Since d =d(m,7) we can compute p(r,d) from p(r,m,»)

Direct relation:-

2 _ [inr/dF
p(r|dy=_rd) _ " n(r) expl- 12T

_[P(r d)dr J'r n(r)exp( '”zrif]z)dr

Assuming  n(r)=n, = E(r|d):dexp(%A2)

N\

Homogeneous Malmquist correction

o SF04 Cosmology workshop: July 2004




Malmquist bias

Since d =d(m,7) we can compute p(r,d) from p(r,m,»)

Inverse relation:-

2
P(r.d r’n(r)s(r)ex (——['””d] )
p(r|d) = (r,d) _ (r)s(r)exp{-=,;
[Inr/dP )
jP(r d)dr jr n(r)s(r)exp( o )dr
Wh ere True distance distribution Selection effects e ditanee o
i Plr.m,p) o r*n(r)S (m) |
s(r) = / dm ®(m — p(r)) S(m,n°[m — u(r)]) ' iP?1 [ —5°(m- /)]2
R x D(m — u(r)) exp{—n p_lm = plr)
oo /" \/go-g 20_3?2
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Malmquist bias

Since d =d(m,7) we can compute p(r,d) from p(r,m,»)

Inverse relation:-

2 [Inr/dJ?
P(r ren(r)s(r)expi\— -5+
p(r|d) = (r,d) _ ()()p( M)
jP(r d)dr jr n(r)s(r)exp( '”zrif'] )dr
Wh ere True distance distribution Relection effects T fistence o
00 Plr,mmn)x rz;z(r)S(m‘,?}) /
s(r) = [@(m- u(r))s(m,;°[m- p(r)) cotn ) B0
—© /*' \/go'j? 20}2

= Lurninosity function
i
e’
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Malmquist bias

Since d =d(m,7) we can compute p(r,d) from p(r,m,»)

Inverse relation:-

P(r|d)=- =

P(r,d) r2n(r)s(r)exp - el
jP(r d)dr jr n(r)s(r)exp( '”zrif'] )dr

Can estimate inhomogenous corrections using
observed p(d) - (Landy & Szalay)
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Density — density comparisons

Archetype is POTENT (Bertschinger & Dekel 1988; Dekel et al 1999)

—_ Smoothing

D, (r) =—ju(r’,6’,¢)dr'

Need only radial components,
but everywhere! Interpolate
u(r) on a regular grid

IIIIIIIIII
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Density — density comparisons

Archetype is POTENT (Bertschinger & Dekel 1988; Dekel et al 1999)

]. I T T T | T T T T [-1 1 I ! |. LI T
. SN | o. LA
Compare v, withe.g. [ b = 089£0.18 .« "nir /]

L . = .-:].[:Ih Mpc DA —_—

IRAS o-field. Assume 05l R
linear biasing: §gal =bhd : AR

=]

V-V, Versus o .

has slope 5 90-6/ Y BN 7 SR D _
— m - ST ;

L1 1 l 11 1 | | 1 1 1 |

|4
-1 —-0.5 0 0.5 1

Oy
ﬂl — 089 i 012 Sigad et al. (1998)

S SF04 Cosmology workshop: July 2004
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Inhomogeneous Malmquist bias

Interpolate u(r) on a real space grid

Line of sight d C7
O —_—>

B

UNIVERSITY

SF04 Cosmology workshop: July 2004
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Inhomogeneous Malmquist bias

Interpolate u(r) on a real space grid

Line of sight d C7
0 . > T
Uest Utrye
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Inhomogeneous Malmquist bias

Interpolate u(r) on a real space grid

Line of sight d

CZ
O ° > o< ° r
Uest Utrue

In general E(r|d)=d

Bias correction depends on N(r)

s SF04 Cosmology workshop: July 2004
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Velocity — velocity comparisons

Archetype is VELMOD (Willick & Strauss 1997, Willick et al 1998)

‘Forward’ VELMOD
— e | :
Maximise likelihood of L_H p(m. |n.,cz;;®)

observing Tully-Fisher
data, given a velocity Inverse’ VELMOD

field and TF model :
L:H p(7; | m;, Cz;; ©)

(® = parameters of TF relation and velocity model

VELMOD also requires a parametric model for
S(m,n,r), LF, p(cz|r)

i SF04 Cosmology workshop: July 2004



Velocity — velocity comparisons

3000 .
Triple-value regions /|
cz=r Relatlomn
2000 — —
Tm
E
&
&
|
- T OO 7 - 7 SR . RN . .
o
1000 -
Frobebllity Distribution
0 | | 1 1 | 1 1 1 1 ] 5 5 5 |
0 1000 2000 3000

Distance (km s-1)
VELMOD also requires a parametric model for

S(m,;,r), LF, p(cz|r)

UNIVERSITY
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L T [ T T ] T T ] T T T L
2300 |-
. B =053 £ 004
2250 |
2 °
L y
iz ‘-
2200 :
° .
2150 .
b= . .
i '.--l.
| | | I 1 1 I 1 |
0.2 0.4 0.6 0.8
I

VELMOD Results

C T T ]
-5150 |-} —
,Gml = 0.54 £+ 0.04 i
~5200 } _
. ]
g L
—5250 -
B . -
~5300 N g -
- . .
.. @ 7
1 F | 1 1 1 | 1 i 1 [_

0.2 0.4 0.6 0.8 1

I

Willick et al 1998: Mark Ill + IRAS 1.2Jy predicted v-field
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VELMOD Results

T T T | T T T | I I || 1 1 I || 1 1 I ||
i Byin, =0.42+£0.04 ] i
1320 + : — i ﬂ205i01
. .
-1 3 e
‘ Ngalzgag ::':
-. .
1300 - FR
o . ;
o ¢
o 3
= 4 ;
3 1280 |- . __;’ ~
1260 [ a "-' -
.,‘." ..-.’.
3 Nusser et al. 2001
TR R W NN TN NN AU (NN T TN S SN RN SR R
0 O LA, O T ENEAR + PSCz v-field
1
Branchini et al. 2002
SFI + PSCz v-field
U::izfz Z:v SF04 Cosmology workshop: July 2004




VELMOD Results

e Consistent picture of B, ~ 0.4 —0.6;

® Good agreement with results of ITF
method, but significantly discrepant
with POTENT results
What is the origin of this discrepancy?...

e C.f. Berlind et al. 2001, £ estimation still OK in
non-linear local biasing schemes

® Rauzy & Hendry (2000) — robust approach

UNIVERSITY

GGGGGG W SF04 Cosmology workshop: July 2004




Robust Method

Assumption: luminosity function is Universal

dP = 2 s(m. r.1.b) p(r,1,b)d(M)dIdbdrdM

A 4 4 \
/ Spa!ltial

Selection effects distribution Luminosity function

Null hypothesis (Rauzy 2001; Hendry & Rauzy 2004.)

S(m,z,l,b)=6(m, —m)x¢(z,l,b)
4 4

/
/ Angular and radial
Step function Selection function
&,

UNIVERSITY
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Distance modulus p

Robust Method: Completeness

Absolute magnitude M
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Distance modulus p

Robust Method: Completeness

Absolute magnitude M
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Distance modulus p

Robust Method: Completeness

Absolute magnitude M
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Distance modulus p

Robust Method: Completeness

Miim(Ks; )

Absolute magnitude M
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Distance modulus p

Robust Method: Completeness

Absolute magnitude M
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Robust Method: Completeness

=1
=
=
=
&
=
L
2
Iz
A
-
Abgolute magnitude M
U::EZT SF04 Cosmology workshop: July 2004




Robust Method: Completeness

Define:- £ = F(M)
F(M Iim)

where "
F(M)= j f (x)dx

—Q0

Can show:-

Distance modulus p

P1: £ e U[0]]

P2: £, u uncorrelated

s SF04 Cosmology workshop: July 2004
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Robust Method: Completeness

Also:-

I =n($,)
n.=n(S,uUs,)
1 vV ~1n-1

5=y VT na

but only for

m. < m,

Distance modulus p

Absolute magnitude M

SF04 Cosmology workshop: July 2004




: Completeness

Robust Method

Random wvariable ¢

Also

BE 9t P& &b Ot

n(s,)

d

88 98 P& 2t 0Ot

but only for

<
o
o
N
>
>
L}
o
o
<
7]
X
[
o
=
)
(@]
S
o
S
173}
o
O
<
o
LL
(9p]
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Robust Method: Completeness

AISO " - 13 13.5 14 14.5 15 15.5
- S

SSRSQ sampie

1000

Number of objects

rlzn(sl) i
n.=n(S,uUs,) [t

100
S
|
gt
o~
ol
\ L Lol L L Lo
R
M)
<
N~———

4]
~Z
77
.
“‘1\\

]
2
2
<
]

VAL R
72 121, +1

Test for completeness T,
-6 -3

bUt Onl y for _ 2500 km/s < cz < 15000 km/s [

T B B R R I
13 13.5 14 14.5 15 15.5

-9

. I I l I ' l Limiting apparent magnitude m,
. S lim o g
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Robust Method:

Assuming V(r) =V ,(r)

define

U, :—5Ioglo(1—vﬁ/cz)

Can show:-

P3: ¢ 4:Us uncorrelated

SF04 Cosmology workshop: July 2004

Velocity Field Model

UL TN Mg (1)
N
S, . 8y

Distance modulus p

Absolute magnitude M




Robust Method:

Assuming V(r) =V ,(r)

define

U, :—5Ioglo(1—vﬁ/cz)

Can show:-

P3: ¢ 4:Us uncorrelated

Estimate S via

P& u;) =0

SF04 Cosmology workshop: July 2004

Velocity Field Model

UL TN Mg (1)
N
S, . 8y

Distance modulus p

Absolute magnitude M




Robust Method: Velocity Field Model

-04 -03 -02 -01 0 0.1 0.2 0.3

. ® Non-parametric: independent of
LF, spatial distribution.

o : ® Insensitive to Malmquist bias.
23 Sl ® \/ery conservative use of TF
S Information.
wfi ] ® Monte Carlo error estimates

| hRdsEL: straightforward — permutation

A test.
| . ® Rejection test on values of S

PR PR i
-04 -03 -02 =01 0 0.1 0.2 0.3

7 = log (2 Vo)) — 2.5

From Rauzy & Hendry 2000
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B =0.6+0.1

Confidence level of rejection

[V _ 1 N
S MarkIIl MAT 5
sample
°r, . . Cl Ll L 1°
0 0.2 0.4 0.6 0.8 1

parameter f
From Rauzy & Hendry 2000
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Confidence level of rejection

[V N
S MarkIIl MAT 5
sample
O B | 1 Il 1 Il 1 | Il 1 1 1 ‘ 1 1 Il | i O
0 0.2 0.4 0.6 0.8 1

parameter f

From Rauzy & Hendry 2000
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B =0.6+0.1

Strength:

Robust support for VELMOD
analysis: validity of inhomogeneous
Malmaquist corrections




Iﬁobgst Method
S, =0.6x0.1

Strength:

Robust support for VELMOD
analysis: validity of inhomogeneous
Malmaquist corrections

Confidence level of rejection

2| arklll MAT s Weakness:
 Semple : Completeness requirement may
ot 1o restricts sample size and depth
0 0.2 0.4 0.6 0.8 1

parameter f
From Rauzy & Hendry 2000
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The future: 6DF
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The future: 6DF

PSCz predicted

velocity field
(15,000
galaxies)

6dFGS
observed
velocity field

(15,000
galaxies)

From Colless (2003)
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Peculiar velocities & cosmology

1 1 I I

It 10* peculiar velocities :
800 |- with 20% precision -

200

From Colless (2003)



Conclusions

» Peculiar velocities useful cosmological probes, but big
problems to be overcome from distance indicator noise
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» Major issues of sparseness, noise and bias still affect
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» Can tackle via robust methods: important cross-check

» Field has been quiet since late 1990s, but 6dF + SDSS may
trigger a revival — methodology well developed
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Conclusions

» Peculiar velocities useful cosmological probes, but big
problems to be overcome from distance indicator noise

» Major issues of sparseness, noise and bias still affect
their calibration and use — handle with care!

» Can tackle via robust methods: important cross-check

» Field has been quiet since late 1990s, but 6dF + SDSS may
trigger a revival — methodology well developed

» Useful adjunct to CMBR + z-surveys

UNIVERSITY
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